The development of a barley (Hordeum vulgare L.) transformation system made it possible to consider the use of maize Activator~Dissociation (Ac/Ds) transposable elements for gene tagging in transgenic barley plants. However, barley transformation is time-consuming, and therefore a simple transient assay for AciDs activity in intact barley tissues was developed to test the components of a proposed gene tagging system, prior to their stable introduction into plants. In this assay, barley scutellar tissue is co-transformed with constructs containing the maize Actransposase gene and an Escherichia coil uidA reporter gene (Gus), the expression of which is interrupted by a maize Ds element. In transformed barley scutellar cells, Ac transposase-mediated excision of the Ds element generates a functional Gus gene, leading to histochemically detectable GUS activity. Characterization of the excision products showed that they had a pattern of nucleotide deletions and/or transversions similar to that found in maize and other heterologous plant systems. In addition, although contrary to the situation observed in heterologous dicot systems, efficient Ds excision in barley, a heterologous monocot system, appears to be inversely associated with Ac copy number, a finding similar to the Ac dosage effects observed in maize. The transient assay was used to demonstrate functional transposase activity in barley callus lines stably transformed with an Ac transposase gene.
Introduction
Transposable elements (TEs) are mobile genetic factors that occur in families of related sequences (for review, see Gierl and Saedler, 1992) . Within any one family individual TEs occur in two classes, a structurally conserved element which can promote its own excision and is 'autonomous' for transposition, and a structurally heterogeneous group of elements unable to promote their own excision and referred to as 'non-autonomous' elements. Non-autonomous elements from one family can be mobilized by transactivation from the autonomous member of the same family. The maize Activator/Dissociation (Ac/Ds) TEs (for review, see Fedoroff, 1989) are flanked by short terminal inverted repeat sequences (cis-determinants) that are essential for transposition. The autonomous Ac element encodes a trans-acting factor (transposase) required for transposition of both Ac and Ds; the non-autonomous Ds elements are usually deletion derivatives of Ac lacking sequences in the transposase coding region.
By engineering plants with Ac/Ds, it was demonstrated that these elements are capable of transposition in heteroIogous systems (for review, see Chasan, 1993) , that sequences cloned within a Ds element are mobilized to new genomic locations (Goldsborough et al., 1993; Lebel et aL, 1995) and that genes can be tagged and subsequently isolated following transposon-mediated insertional mutagenesis (Aarts et al., 1993; Bancroft et aL, 1993; Chuck et al., 1993; Jones et al., 1994; Lawrence et al., 1995; Whitham et al., 1994) .
With the development of a barley (Hordeum vulgate L.) transformation system (Wan and Lemaux, 1994) , it is now possible to assess the utility of maize Ac/Ds elements in, for example, gene tagging in this plant species. Barley does not have known endogenous transposons, making it feasible to identify and characterize mutations caused by introduced TEs, and, since barley is self-pollinating, the identification of tagged recessive traits will be possible. It is also diploid, making phenotypic observation of mutants in segregating populations simpler than in its close polyploid relatives, wheat and oat. Such tagging efforts will complement a comprehensive high-density barley genome map which is currently being constructed (Kleinhofs et aL, 1993) .
In assessing the activity and utility of Ac/Ds in barley, it would be time-consuming to use stable transformation for initial characterization. Therefore, we developed a simple transient assay in cells of intact tissue that allowed a preliminary evaluation of the functionality of Ac/Ds in barley. In addition, we then used this assay to assess transposase activity in barley callus lines stably transformed with an Actransposase gene. The utilization of this transient assay represents the first published report of Ac/Ds activity and its characterization in barley. et al., 1990) , which lead to cell-autonomous anthocyanin accumulation; a source of Ac transposase; and a Gus gene (Jefferson, 1987) , the expression of which is interrupted by a Ds element, DsBar, containing a 35S.Bar.N gene expression cassette (Cao et al., 1992) . Since Ds excision is reported to be associated with replication in maize (Chen et aL, 1992; Wirtz et al., 1997) , the wheat dwarf virus (WDV) replication-associated region (Heyraud et aL, 1993; Matzeit et al., 1991; Schalk et al., 1989) was included on the vectors containing the Ds-Gus sequences. In transformed barley cells, Ac transposase-mediated excision of the Ds element should generate a functional Gus gene, leading to histochemically detectable I~-glucuronidase (GUS) activity. Ac/Ds activity could then be evaluated by scoring GUS activity (blue foci) relative to C1/BPeru expression (red foci). Scutellar tissue from immature embryos was co-transformed with equimolar amounts of pBC17 (Goff et al., 1990) , containing the C1 and BPeru reporter genes, and pSP-WDV-Act1.Gus.N, containing the WDV replicationassociated region and Gus under the control of the rice Act1 5' region (McEIroy et aL, 1990) . The WDV sequence contains the coding region (ORFIII/IV) of the WDV replication-associated protein (Rep), the Rep DNA binding site and the stem-loop origin of replication. The relationship between pBC17 and pSP-WDV-Actl.Gus.N expression was evaluated by determining the mean number of blue and red foci in 12 independent transformation experiments; there was a linear correlation (r = 0.989, slope = 1.32) between anthocyanin accumulation and GUS activity in co-transformed tissue (data not shown).
Results

Development of a transient assay for
The DsBar element was inserted at various locations within the transcribed but non-translated region of the Actl. Gus A Gus construct containing a WDV Rep coding region (Table 1) .
PCR analysis of Ac-mediated Ds excision in transformed barley tissue
In a PCR strategy (Figure 2a ) designed to confirm Acmediated Ds excision from Gus at the molecular level, primers were selected within the Actl.Gus junction region that led to a 2.86 kbp PCR product prior to Ds excision and to a 0.94 kbp PCR product after Ds excision. PCR primers were also selected for the Ac transposase coding region (0.85 kbp product), the WDV replication-associated region (0.71 kbp product) and the coding region of bar (0.31 kbp product). PCR analysis was carried out on DNA isolated from tissue 5 days after transformation with various Ac/Ds test constructs (Figures 2b and c) . Efficient PCR amplification of the Actl.Gus junction region was dependent upon (b) PCR analysis of Ac-mediated Dsexcision from a Gusgene in bombarded barley scutellar tissue. DNA size markers (kbp) are indicated on the left side of both PCR gels. The DNA constructs used in each transformation experiment are indicated between the photographs of the gels in their respective lanes (-~). The PCR products in lanes 1, 2 and 3 are controls generated using purified plasmid preparations (10 -13 g liP1). PCR analysis was carried out using DNA (lanes 4-13) isolated 5 days after microparticle bombardment-mediated transformation of barley scutellar tissue. The position of the 2.86 kbp (Ds) and 0.94 kbp (Ds-) PCR products generated either before or after, respectively, Ac-mediated Ds excision from the Gus gene are indicated. . The PCR products in lanes 1, 2 and 3 are controls generated using purified plasmid preparations (10 -13 g }11-~). PCR analysis was carried out using DNA isolated either 2 days (lanes 4, 6, 8, 10, 12, 14) or 5 days (lanes 5, 7, 9, 11, 13, 15) after microparticle bombardment-mediated transformation of barley scutellar tissue. was further suggested by the relatively low level of WDV and Bar PCR products when compared with that generated from scutella transformed with pSP-WDV-Act1(DsBar)-Gus.N (Figure 2c , lanes 9/10 versus lane 11). Ac-mediated Ds excision from pSP-WDVzI4TG-Actl(DsBar)Gus.N could be detected at low levels, however, following co-transformation with pSP-WDV which provided wild-type Rep function in trans (Figure 2b , lanes 12/13). PCR analysis also permitted study of some of the promoter-transposase effects described in Table 1 (Figure 3) . No Ds excision product was observed in DNA from tissue isolated either 2 or 5 days after transformation with pSP-WDV-Act1(DsBar)Gus.Nalone (Figure 3a , lanes 4/5); a small amount was observed in tissue transformed with pSP-WDV-Actl(DsBar)Gus.N and the promoterless Ac transposase-containing construct pSP-Ac.N (Figure 3a, lanes 6/7) . Ds excision products were observed in DNA isolated after co-transformation with pSP-WDV-Actl(DsBar)Gus.N and either pSP-35S.Ac.N or pSP-Ubi1.Ac.N (Figure 3a , lanes 8/ 9 and lanes 12/13), with more Ds excision product being generated at 5 days compared with 2 days after transformation (Figure 3a 
Utilization of the transient assay to evaluate transposase activity in barley callus lines stably transformed with an Ac transposase gene
Immature embryos were co-transformed with pAHC20 (containing a Ubil.Bar.Nos selectable marker gene) and Table 1 . bMean from two experiments scoring /> 5 bombarded calli per co-transformation with C1/BPeru (red foci) and Gus (blue foci) expression activities scored 2 days after transformation. CThe relative activity is calculated using the mean Gus:Cl/BPeru expression ratio of pSP-WDV-Actl.Gus.N in the Ac-callus line = 1.000.
pSP-Ubil.Ac.N using the method of Wan and Lemaux (1994) . After four rounds of selection, the presence of the Bar and Ac transposase coding regions in bialaphosresistant callus lines was determined by PCR analysis (data not shown). The transient assay for Ac activity was used to demonstrate Ds excision 2 days after bombardment of transgenic barley callus lines containing Ac, Ac + (PCRpositive for Ac transposase); no excision was observed from pSP-WDV-Act1(DsBar)Gus.N lines not containing Ac, Ac-(PCR negative for Ac transposase) ( Table 2 ). The Ac-line was capable of Ac-mediated Ds excision when co-transformed with pSP-WDV-ActI(DsBar)Gus.N and pSP-Ubil.Ac.N. Excision of Ds in the Ac ÷ callus line is shown in Figure lb .
Discussion
We developed a simple transient assay for determining maize Ac/Ds activity in cells of intact barley tissue; scutellar tissue was co-transformed with constructs containing: the maize Cl/BPeru reporter genes; a source of maize Ac transposase; and a Gus reporter gene, the expression of which was interrupted by a maize Ds element. We found that Actransposase-mediated Ds excision resulted in functional Gus expression in transformed cells (Table 1 , Figure la ). Ac/Ds activity was evaluated by scoring GUS activity normalized to C1/BPeru expression and a linear relationship was found between Cl/BPeru and GUS expression using either an uninterrupted Gus gene or a Dsinterrupted Gus gene in the presence of Ac transposase. Ds excision, as monitored by restoration of Gus expression, was dependent upon the presence of Ac transposase (Table 1) . These findings were confirmed by PCR analysis (Figure 2 ) and plasmid rescue experiments (Figure 4 ), which were also used to characterize Ds excision derivatives in DNA isolated from tissue co-transformed with Ds-Gus and Ac transposase genes. The sequence around the site of Ds excision in the rescued plasmids showed a pattern of nucleotide deletions and/or transversions similar to that found with Ds excision in maize and other heterologous plant systems (for review, see Fedoroff, 1989 ). We showed that two different promoter-Ac transposase genes could mediate significant levels of Ds excision in our transient assay system, even though the CaMV 35S promoter showed very little activity when used to drive Gus fusion genes (Table 1) . Ds excision, as measured in our assay, was sensitive to relatively low levels of Ac transposase, as shown by the fact that excision occurred in scutella co-transformed with a promoterless Actransposase gene (Table 1, Figure 3a) . Inclusion of the WDV replication region on vectors containing Ac transposase genes resulted in a significant reduction in Ds excision, as detected in transient assays (Table 1 ) and in PCR analysis of DNA from transformed tissue (Figure 3a) . However, PCR analysis indicated that scutella transformed with Ac transposase genes on WDV-containing vectors had higher levels of Ac transposase PCR product than equivalent non-WDV vectors (Figure 3b) . Therefore, while efficient Ds excision in some heterologous dicot systems has been reported to be dependent upon high levels of Ac transposase (Swinburne et al., 1992) , our results indicate that efficient Ds excision in a heterologous monocot system appears to be inversely associated with Ac copy number, a finding similar to the Ac dosage effects observed in maize (Fedoroff, 1989 ).
An association between Ds excision and DNA replication was previously noted in DNA gel blot analysis of WDVcontaining vectors transformed into protoplasts of wheat, maize and rice (Laufs et al., 1990; Wirtz et al., 1997) . We found that Ac-mediated Ds excision in transformed scutellar cells (as detected by the restoration of Gus gene expression (Table 1) , the identification of Ds excision PCR products (Figure 2) , and the recovery of Ds excision derivatives in plasmid rescue experiments (Figure 4) ) was dependent upon the inclusion of the WDV replication-associated regions on a vector containing the Ds-Gus reporter gene. However, we were unable to detect Ds excision when the WDV sequence was included within the Ds element, although replication may occur at some low level undetectable in our system. Since rapid replication of the Guscontaining vector after Ds excision would give the same result as replication-dependent excision, we were unable to use our assay system to determine whether Ds excision requires replication or whether the excision products are being preferentially replicated. Wirtz et aL (1997) used PCR analysis to demonstrate that Ds excision from an extrachromosomal WDV vector is coupled to vector DNA replication in maize protoplasts transformed by PEG-mediated transformation. However, the efficiency of PEG-mediated protoplast transformation is reported to be as high as 50-80%, while we estimate the efficiency of microparticle bombardment-mediated transformation to be as low as 0.01%. This relatively low transformation frequency precludes the use of DNA gel blot hybridization to monitor Ds excision and probably prevents monitoring of low-level replication dependence for Ds excision in our transient assay system. While assays for Ac-mediated Ds excision from a Gus reporter gene have been described, these have relied on the use of protoplasts (Houba-Herin et al., 1990) , Agrobacterium-infected plants (Shen and Hohn, 1992) or transgenic plants (Finnegan et al., 1989) . The simple assay described here allowed rapid evaluation of the components of a proposed gene tagging strategy prior to the timeconsuming process of stable transformation of barley. Furthermore, we used our transient assay to identify transgenic barley callus lines expressing functionally active Ac transposase. This represents the first published report of Ac/Ds activity in cells of transformed barley tissues. Transgenic plants containing various Ac transposase and Ds-containing constructs will be generated for further assessment of the use of transposons in barley. Our transient assay system also works efficiently in other cereals, including wheat (Louwerse, J., Dowdle, B., McEIroy, D. and Weeks, J.T., data not shown), thus it has general utility for evaluating Ac/Ds activity in other cereals. With the information obtained using the transient assay system, we are able to initiate experiments aimed at developing the use of transposable elements in barley. For example, transposon tagging offers an alternative for isolating barley genes involved in growth and development and in agronomically important traits. The identification and isolation of such genes from barley will complement classical barley breeding efforts and should also lead to the isolation of homologous genes from other cereals.
Experimental procedures
Constructs
The plasmid pBC17 (Goff et aL, 1990) contains the maize Cl/BPeru coding regions under the control of CaMV 35S promoter and maize Adh I intron sequences. Transformation vectors were constructed following standard cloning procedures (Sambrook et al., 1989) . The 2.46 kbp cloning vector pSP72 (pSP, Promega) served as a common backbone in all constructs. The replication-associated region of the wheat dwarf virus (WDV) genome, containing the coding region of the replication-associated protein (Rep), the Rep binding site and the stem-loop origin of replication, was derived from pW + (Wirtz et al., 1997) as a 1.85 kbp PstI-Sal] restriction fragment. The Rep coding region (ORFIII/IV) was derived from pW + as a 1.36 kbp NcoI-Psd restriction fragment. The rice actin 1 gene (Act1) 5' region, containing the Act1 promoter, the first transcribed but non-translated exon and the first intron, was derived from pCOR116 or pCOR117 (McEIroy etaL, 1991) as either a 1.5 kbp Sail-Ncol or a 1.5 kbp Pstt-Xbal restriction fragment, respectively. The E. coil J~-glucuronidase coding region and 3' transcription termination region of the Agrobacterium tumefaciens nopaline synthase (nos) gene (Gus.N) were derived from pNG72 (McEIroy et al., 1995) as a 2.1 kbp Pstt-Xbal restriction fragment. The maize Ds element, containing 254 bp of Ds 5' sequence and 320 bp of Ds3' sequence, was derived from pDs7 (Wirtz etaL, 1997) as a 0.59 kbp SalI-BamHI restriction fragment. The Streptomyces hygroscopicus phosphinothricin acetyl transferase coding region and nos terminator sequence (Bar) was derived from pBARGUS ) as a 0.9 kbp ClaI-Nofl restriction fragment. The maize ubiquitin 1 gene (Ubil) 5' region, containing the Ubil promoter, the first transcribed but non-translated exon and first intron, was derived from pAHC27 (Christensen and Quail, 1996) as a 2.0 kbp Pstl restriction fragment. The maize Ac transposase coding region and nos terminator sequence (Ac.N) was derived from pTps (Wirtz et al., 1997) as a 3.6 kbp SmaI-Bgl]l restriction fragment. The CaMV 35S promoter (35S) was derived from pBARGUS (Fromm etal., 1990 ) as a 0.45 kbp Hindlll-Sall restriction fragment. Details of specific plasmid constructions and appropriate restriction maps are available upon request from Dr Peggy G. Lemaux.
Microparticle bombardment-mediated transformation of barley scutellar tissue for transient assays
Barley (Hordeum vulgare L. cv Golden Promise) cultivation, immature embryo isolation, microparticle bombardment-mediated transformation with equimolar amounts of plasmid DNA, and subsequent embryo culture were performed as previously described (Wan and Lemaux, 1994) with the exception that material was illuminated following bombardment.
Detection of C1/BPeru and Gus gene expression
Cell-autonomous anthocyanin accumulation mediated by CI/ BPeru gene expression was visualized as red foci as previously described (Goff et aL, 1990 ) 2 days after transformation. Histochemical staining for Gus expression was as previously described (Jefferson, 1987) . Statistical analysis of Cl/BPeru and Gus expression was carried out using StatView SE + Graphics TM version 1.03 (Abacus Concepts, Inc.).
PCR analysis
DNA was isolated (Cone, 1989 ) from barley scutellar tissue either 2 or 5 days after transformation and 1 I~g of each sample was subjected to PCR analysis. PCR reactions (50 pl) contained 1 × PCR Buffer II (Perkin Elmer), 200 I~M of each dNTP, 1 IIM of each primer, 1.5 mM MgCI 2, 1% DMSO, and 2.5 units Taq DNA polymerase (Perkin Elmer). The primer pairs used for PCR analysis were: for Ds excision, Act1-2902 (5'-TAA CCA CCC CGC CCC TCT CCT CTT-3') and GUS-5741 (5'-TTG ACC CAC ACT TTG CCG TAA TGA-3') to produce expected PCR products of 2862 bp and 948 bp before and after Ds excision, respectively; for the Ac transposase coding region, Ac5' (5'-AAC CTA TTT GAT GTT GAG GGA TGC-3') and Ac3' (5'-ACC ACC AGC ACT GAA CGC AGA CTC-3') to produce an expected PCR product of 852 bp; for the wheat dwarf virus replication-associated region, WDV5' (5'-AGA GGA TAG AGT TTT CTG GCA CAC -3') and WDV3' (5'-GAG GCT TAC GGA GTA GAG ATG TTC-3') to produce an expected PCR product of 706 bp; and for the Bar coding region, Bar5' (5'-TGC ACC ATC GTC AAC CAC TA-3') and Bar3' (5'-ACA GCG ACC ACG CTC I-IG AA-3') to produce an expected PCR product of 311 bp. Following an initial incubation at 94°C for 2 min, PCR was performed for 25 cycles at 94°C for 45 sec, 62°C for 45 sec and 72°C for 90 sec; PCR products were analyzed by electrophoresis in 1.2% agarose gels. For detection of Ds excision products, 10 ~tl of each PCR reaction were subjected to gel electrophoresis; for detection of Ac, WDV and Bar products, 5111, 5 pl and 10 pl, respectively, of each PCR reaction were combined prior to gel electrophoresis.
Plasmid rescue and sequence analysis of Ds excision sites
For plasmid rescue, E. coil XL1-Blue electrocompetent cells (Stratagene) were transformed with 1 t~g of DNA isolated (Cone, 1989 ) from barley scutellar tissue either 2 or 5 days after transformation. Rescued plasmids were identified by restriction mapping of DNA isolated using an alkaline lysis miniprep method (Sambrook et al., 1989) . Miniprep DNA was subjected to 10 mg m1-1 RNAse treatment at 37°C for 30 min, followed by phenol: chloroform extraction and ethanol precipitation. The resulting RNA-free plasmid DNA was sequenced using the Taq DyeDeoxy Terminator Cycle Sequencing Kit (Applied Biosystems) and 373 DNA Sequencer (Applied Biosystems). Cycle sequencing was carried out with 25 cycles of 96°C for 30 sec, 50°C for 15 sec and 60°C for 240 sec, with the primers Act1-3411 (5'-CCC TCA GCA TTG TTC ATC GGT AGT-3') and GUS-5516 (5'-CGA TCC AGA CTG AAT GCC CAC AGG-3').
Generation of transgenic barley callus lines
Transgenic callus lines, generated following the procedure of Wan and Lemaux (1994) , were developed by co-transforming with equimolar amounts of plasmids pAHC20 (Ubil.Bar.Nos) and pSP-Ubil.Ac.N. After four rounds of selection, the presence of the introduced genes in the bialaphos-resistant callus was determined by PCR analysis using primers for the Bar and Ac transposase coding regions, as previously described.
